Slow light systems are particularly attractive for analog signal processing, since their inherent limitation to a delaybandwidth product of 1 is less critical for analog systems such as those used in microwave photonics. We present here the implementation of two basic functions -phase shifting and true time delaying -fully optically controlled using stimulated Brillouin scattering in optical fibers. The combination of these two functions makes possible the implementation of true time delays without limitation on the microwave carrier frequency using the separate carrier tuning technique. This is illustrated by the implementation of the delaying system for the realization of a microwave tunable notch filter.
INTRODUCTION
The realization of functionalities on microwave signals in the optical domain is an application field of photonics showing a recent growing interest regarding its substantial added value in terms of performance 1 . The basic concept is to modulate an optical wave by a microwave signal, then to perform a transformation of the signal in the optical domain and to eventually convert the optical signal into the electrical domain to retrieve the transformed microwave signal. This generic concept is sketched in Figure 1 .
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RF output signal Photoreceiver RF input signal Figure 1 . Concept of a microwave photonics system: the microwave signal is converted into the optical domain through an optical modulation, is then transformed using an optical processing/function to eventually return into the electrical domain through a broadband photodetection.
In full generality the spectral content of the microwave signal is made of a carrier and 2 modulation sidebands, as depicted in Figure 2 left. In the optical domain, after modulation, the full microwave signal (carrier + sidebands) will be transferred into the modulation spectral container making the optical signal sidebands. This way the optical carrier and the optical sidebands will be separated by a spectral distance corresponding to the microwave carrier frequency, and each optical sideband will contain the entire microwave signal and will spread over the bandwidth of the microwave, as shown in Figure 2 on the right. Each optical sideband contains the entire information carried by the microwave signal, so that one of the sidebands can be suppressed without loss of information. This is generally performed using a singlesideband modulation scheme or by simple optical filtering for a sufficiently high microwave carrier frequency. Optical domain spectrum Figure 2 . Spectral contents of the microwave (left) and optical (right) signals, respectively. The entire spectral content of the microwave signal is contained in the optical sidebands, separated from the optical carrier by the microwave carrier frequency. One of the optical sidebands is generally suppressed without any loss of information.
It can be clearly seen in Figure 2 that the microwave modulation only spreads over a fractional part of the microwave carrier frequency, so that the optical sideband is clearly separated from the optical carrier. From this consideration it turns out it may be beneficial to separately perform a transformation on the monochromatic optical carrier and on the optical sideband, using separate functionalities. This way the bandwidth of the function operating on the optical sideband is restricted to the bandwidth of the microwave signal, without the need to cover the full frequency interval between the optical carrier and the optical sideband, which is to a wide extent empty of any spectral information. This approach is particularly effective when using slow light systems, since their delay-bandwidth is essentially restricted to 1 and a larger delay can be obtained if the bandwidth is limited to the strictly needed frequency interval.
The functional separation of the transformations on the optical carrier and its sideband brings on another decisive advantage to turn independent of the value of the microwave carrier frequency, since each optical function is spectrally positioned independently on the carrier and on the sideband. As a result the performance is nominally identical for any microwave carrier frequency.
Slow light systems are basically designated to realize delaying functions [2] [3] . An elementary delaying is depicted in Figure   3 for a single frequency signal. The amount of delay can be quantified either by the time delay ΔT or the phase delay Δφ, these 2 quantities being related for a monochromatic wave by the straightforward relation Δφ = 2πf o ΔT, where f o is the signal frequency. However, in the situation of a polychromatic signal, as resulting from a broadband modulation, the equivalence no longer holds and the delaying function corresponding to Δφ = constant for all frequencies is designated as phase shifter and that corresponding to ΔT = constant for all frequencies is called true time delays. These 2 cases are depicted in Figure 3 and it can be seen that true time delays require a linear dependence of the phase shift on the frequency. These 2 delaying functions give specific distinct responses in broadband systems, as illustrated in a further section in the case of the notch filter. In particular, only true time delays can actually secure that all frequencies components of the microwave signal are aimed at the same preset direction in phased array antennas, so that the beam remains best collimated by spreading over a narrow angular range.
Slow light systems based on stimulated Brillouin scattering are very helpful to realize these 2 basic functionalities in microwave photonics, since the delaying is directly proportional to the pump power -giving a linear response that is always a searched property in an analog system -and is directly achieved in the optical fiber conveying the signal. The phase shifting results from the phase response of the Brillouin gain that varies linearly around the peak gain frequency, as shown in Figure 4 . In the forthcoming sections it will be explained and illustrated how this feature is the basic tool to realize the phase shifting and true time delaying functions. wave will experience amplification if the medium is pumped by an optical wave at a frequency ν B over the signal frequency ν c (top graph). The pump must propagate in the direction opposite to the signal. If the pump is spectrally placed at a frequency ν B below the signal frequency ν c , the signal will be attenuated (bottom graph). The phase shift is zero at the center of the resonance, but follows a linear relationship for small frequency detuning.
PHASE SHIFTER
A simple and efficient phase shifting function based on stimulated Brillouin scattering was proposed by Loayssa et al 4 in 2006. By examining the amplitude and phase responses depicted in Figure 4 , it can be seen that if 2 pumps of identical power are placed at the same spectral distance below and above the signal, the amplitude gain and loss they create will exactly compensate for any detuning of their central resonance frequency. However, their phase change will sum up to double the phase shifting effect. This principle is depicted in Figure 5. A phase shift can then be applied to any monochromatic wave and be fully optically controlled. This control can be performed by varying the pump power for a fixed detuning δν with respect to the center of the Brillouin resonance. It can also be realized by varying the detuning δν for a fixed pump power. This latter possibility is more often used in practice. The 2 symmetric pumps are conveniently generated by modulating the monochromatic signal ν c at a frequency ν B +δν using a wideband electro-optical modulator in a suppressed carrier configuration, so that the 2 modulation sidebands play the role of the 2 pumps, positioned in the spectrum to precisely realize the phase shifting function.
In presence of a microwave photonics signal, as shown in Figure 2 (right), the narrow band property of the Brillouin gain (~30 MHz FWHM) makes possible to selectively apply the phase shift to the optical carrier only, so that a global phase shift will be experienced by the beat note between the optical carrier and the optical sideband containing the full microwave signal. This phase shift will be identical for all frequency components of the microwave signal and the exact phase shifting function depicted in Figure 3 is realized. Since the phase shifter selectively acts on the optical carrier only, the phase shift is totally independent of the value of the microwave carrier frequency and no limitation is observed in the microwave carrier frequency and its modulation bandwidth.
A schematic diagram of a practical implementation is shown in Figure 6 . All required optical signals and pumps are generated from the same laser source, securing a totally stable spectral positioning of all optical waves, essential for an efficient interaction. A dispersion shifted fiber is used to avoid any biasing phase shifts due to dispersion. 
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Frequency detuning DSF Figure 6 . Schematic diagram of a microwave phase shifter realized using the principle depicted in Figure 5 in an optical fiber. The 2 pumps for the Brillouin interaction are generated from the same laser source modulated by the microwave signal, in a distinct fiber channel using an electro-optic modulator. EOM: electro-optic modulator, EDFA: erbium doped fiber amplifier, VOA: variable optical attenuator, DSF: dispersion-shifted fiber, VNA: vector network analyzer. The phase shifts obtained using this simple phase shifter are shown in Figure 7 , for a wide range of microwave carrier frequency. The total absence of dependence on the frequency is clearly demonstrated over a wide frequency range covering 2 octaves, simply limited by the instrumentation. A continuous phase shift range larger than 400° is achieved, far exceeding the minimum required coverage of a full signal period.
This phase shifter can be considered as a function by itself, but it is also an essential building block of the efficient true time delaying function described in the next section.
TRUE TIME DELAYS
The true time delay function is realized when all frequency components experience a phase shift proportional to their frequency spacing with respect to the carrier, as depicted in Figure 3 (right). To properly realize this function in microwave photonics, this linear relation must be valid for all signal components in the optical domain, including the optical carrier. This means that the slow light interaction giving this linear phase dependence on frequency must extend over a spectral range scaled by the microwave carrier frequency, as shown in Figure 8 (left). But it is well known that the phase shift slope -so the delaying power -scales in an inverse proportion to the interaction bandwidth, limiting the delay-bandwidth product to something close to unity.
Actually, since the microwave modulation bandwidth is in general a small fraction of the microwave carrier frequency, a wide extent of the spectral range covered by the interaction contains no signal spectral component and the interaction bandwidth is inefficiently exploited. A smart approach [5] [6] consists in only covering the optical sideband with the slow light generating interaction -so over a bandwidth given by the microwave modulation bandwidth, much smaller than the microwave carrier frequency -and by adjusting the phase of the optical carrier to extrapolate the linear phase shift applied over the entire optical sideband, as shown in Figure 8 (right). This approach is designated as the separate carrier tuning technique.
This way the true time delaying is just applied over the strictly required bandwidth and no delaying power is wasted over spectral regions containing no spectral information. The phase tuning on the carrier is normally performed using the phase shifter described in the previous section. The practical realization of this separate carrier tuning technique requires the implementation of two functions in the same system: a true time delaying over the optical sideband and a separate pure phase shifting over the carrier. As a demonstration this has been implemented following the experimental layout shown in Figure 9 , where the true time delays are realized using a Brillouin slow light system and the phase shifting is performed using the principle described in the previous section. Using this system true time delays up to 10 ns were achieved for a 6 GHz microwave signal modulated over a 120 MHz bandwidth [6] [7] . Here again the separate carrier tuning technique makes possible to obtain true time delays with a magnitude independent of the value of the microwave carrier frequency. 
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Phase shifter Figure 9 . Top: Diagram of the experimental setup realizing true time delays using the separate carrier tuning technique. The true time delaying on the optical sideband is realized using a Brillouin slow light system with a spectrally broadened pump 7 to cover the bandwidth of the microwave modulation. The phase shifting is implemented using the system described in Section 2. All optical signals (pumps and optical carrier) are generated from the same laser source. Bottom: Graphical representation of all optical signals present in the system, with the 3 combined Brillouin interactions.
APPLICATION: NOTCH FILTER
As an illustration the true time delay system described in the previous section has been implemented in the simple filter configuration 8 depicted in Figure 10 . The transfer function of such a filter shows periodic notches with a frequency spacing given by the delay between the two arms of the incoherent interferometer. This spacing can thus be adjusted by applying a true time delay between the arms. The absolute frequency position of the notches is determined by the phase difference between the arms for the microwave signal. This position can therefore be tuned by applying a phase shifting for the microwave signal in one of the arms. A maximum true time delay of 10 ns at 6 GHz over a 120 MHz bandwidth is obtained using a pump power of 110 mW 6 . This corresponds to a 20% change of the frequency spacing between the notches (from 26.7 MHz to 22.5 MHz) requiring a carrier phase compensation of 302.4°. The measured spectral transfer function of this dynamic filter is shown in Figure 11 . 
CONCLUSION
We have presented a simple experimental conceptual demonstration that Brillouin slow light elements offer novel and outstanding capabilities in microwave photonics systems, particularly thanks to the innovative all-optical tunable truetime delay line based on the separate carrier tuning technique. We have implemented two stimulated Brillouin scattering systems to separately manage the dispersion characteristics at the optical carrier and RF subcarrier frequencies. A continuously tunable true time delay from 0 to 10 ns has been achieved, with a 120 MHz instantaneous bandwidth, and at an operating frequency of 6 GHz. It must be stressed that this technique has no physical limitation on the operating RF frequency since the Brillouin resonance can be positioned at any desired RF frequency.
